Digital sub-threshold circuits are significant for ultra-low power (ULP) applications. Operating circuits at ultra-low voltage levels leads to the less power per operation. An optimized method is separating the logic blocks based on performance requirement and utilizing multiple-supply voltage (VDD) for each blocks. In order to prevent an enormous static current in these multi-VDD circuits, voltage level converters are required. The advantages of single-supply level converter (SSLC) over dual-supply level converter (DSLC) are on the grounds of pin count, congestion in supply routing, complexity and overall system cost. In this paper, a novel sub-threshold single-supply voltage level converter (S_SSLC) based on dynamically-controlled body biasing technique is presented. In this work, a dynamically-controlled body biasing is utilized for setting the threshold voltages of the transistors in order to reduce the delay. This dynamic design can convert an input signal at sub-threshold/superthreshold region ranging from 0.3v-1.2v to 1.2v as output. Simulation results at 180nm CMOS technology node demonstrate the superiority of the proposed design compared to the conventional SSLC designs.
INTRODUCTION
ULTRA-LOW POWER systems include circuits that work in the sub-threshold region. Operation of sub-threshold circuits at ultra-low voltage (ULV) leads to considerably lower power consumption. Sub-threshold circuits need lower energy for the activity of transistors compared to circuits in strong inversion region. Nowadays, with regards to modern industry and expensive energy, power saving is very significant in most applications and circuits especially in the applications that do not need very high performance. For instance, the performance requirements for micro-sensor nodes are very low. Most micro-sensor node applications require very long battery lifetimes because it is not possible to recharge or replace batteries frequently. Most portable electronics that are used for consumer applications require a low-power Digital Signal Processor (DSP) or Microcontroller Units (MCU). In order to provide lower power consumption, lowering the supply voltage (VDD) leads to decrease dynamic power quadratically [1] [2] [3] [4] [5] .
Low-power design methods comprise different levels such as system, register transfer logic (RTL), logic, circuit and device levels [6] , [7] . There are some techniques such as reducing the switching activity [8] or voltage scaling [9] for ultra-low power requirement of some portable application nodes, but these techniques are still almost inefficient. To overcome with this, digital sub-threshold logic is very helpful [8] , [9] . Microprocessors, wireless sensor networks and some circuits that work with ultra-low voltage, require a level converter (LC) for communication with I/O circuits and other circuits that work at high-supply voltage. I/O circuits have to work at high supply voltage because of the needed noise-immunity. Even if we assume that there is no noise, by sending lowvoltage signal from core logic and microsensor node to I/O circuits, when the signal state is logic '1', the PMOS transistors in I/O circuits will not turn OFF completely and consequently the static current will increase. In this work, a novel single-supply voltage level converter for sub-threshold logic based on the body biasing technique is proposed. The proposed sub-threshold single-supply level converter (S_SSLC) is appropriate for converting input signals from sub-threshold region, while other existing singlesupply level converters are not practical at ULV. This S_SSLC by utilizing body biasing technique can convert input signal from 0.3v-1.2v to 1.2v. Moreover, the proposed LC consumes ultra-low power compared to other single-supply level converters. The advantages of SSLC over DSLC are on the grounds of pin count, congestion in supply routing, complexity and overall system cost [10] . The rest of the paper is organized as follows: In section 2, the related works are reviewed. In section 3, the proposed design is presented and section 4 contains the simulation results and discussion. Also, this section describes the temperature variation affect for operation of proposed LC as compared to conventional LC. Finally, section 5 concludes the paper. Section 6 shows references of the paper. Figure 1 and Figure 2 illustrate the conventional in [11] and SSLC design in [12] . Conventional and SSLC designs do not work in the sub-threshold region. This section discusses about conventional single-supply level converters and their problems in converting ultra-low voltages to required highvoltage. In the sub-threshold region, as the gate voltage is lowered, drive current of transistors decreases exponentially [3] , [5] . When the input signal is ultra-low voltage, in the conventional LC in Figure 1 , pull-down strength of M1 transistor is weak compared to strength of pull-up transistor (M2). Also, increasing the width (W) of M1 is not sufficient for a correct conversion. Furthermore, in this conventional LC, since the input signal has been connected to the gate of PMOS and NMOS transistors (M1, M2), in the ultra-low-voltage input, M1 and M2 turn ON simultaneously, so the static current is increased. Utilizing the voltage doubler leads to increase the strength of the pull-down transistors [13] , however, the boosting efficiency of the voltage doubler is substantially diminished in sub-threshold operation [14] . Also, in the SSLC of [12] , shown in Figure 2 , when the input signal (Vin) is logic '1', the M5 transistor turns ON and the node "ob" is discharged. So, the node "VOUT" is charged to VDDH. Since the node "ob" is discharged, M7 transistor according to Figure 2 turns ON and a static current path is created from high-supply voltage (VDDH) to ground. Therefore, power consumption is increased. Figure 3 the gate voltage is diminished. Therefore, the pull-down strength of M5 that has sub-threshold input signal is very weak compared to pull-up strength of M4 that has highvoltage input signal. Furthermore, in such a condition, device sizing techniques are unpractical to provide strong pull-down enough for level conversion. Hence, it fails to discharge node "ob" as shown in Figure 3(b) . Therefore, the SSLC of [12] is impractical in sub-threshold region. Furthermore, in this design, according to Figure 2 , a reverse current flows when the input signals are lower than 70% of VDDH (i.e. Vin=0.85V when VDDH=1.2V). As a result, SSLC design in [12] is not low-voltage and suitable for ultra-low power applications. In the next section, a novel single-supply voltage LC is proposed that can work at low voltages.
RELATED WORKS

THE PROPOSED LC STRUCTURE
Conventional level converters are impractical to communicate as interface between sub-threshold logic and I/O circuit. The proposed sub-threshold single-supply level converter (S_SSLC) is shown in Figure 4 . It is able to convert subthreshold input signals to the high-voltage level (VDDH) as output.
In the proposed design, the threshold voltage (VTH) of transistors is controlled according to equation (1) and (2) 
For converting sub-threshold input signal to 1.2v as output, the strength of input transistor (M2) must overcome M6 transistor. To this end, the proposed design utilizes dynamic control body-biasing for increasing the strength of input transistor (M2) by connecting its bulk to Vin-low (see Figure  4) . Also, the bulk of all PMOS transistors is connected to VDDH in order to increase their threshold voltage (VTHp) according to Eq. (2). This is helpful for weakening M6 transistor and increasing the strength of M2 transistor. When the Vin-low is logic '1', the body-source voltage (VBS) for M2 is increased, so according to (1), the VTHn is reduced. Therefore, the proposed S_SSLC could convert input signal from 0.3V to 1.2V. The proposed S_SSLC has two main stages. The first stage utilizes diode-connected NMOS (M7) to enable dependable conversion across variation and temperature with ultra-low voltage input signal. The second stage is a cross-coupled differential inverter (M8-M11), which converts the output of the first stage from 0, VDDH-VTH to full voltage swing (0, VDDH) as final output (VOUT). Threshold voltage (VTH) and the size of transistors for proposed design can be briefly described as follows:
The VTH of NMOS and PMOS transistors are set for correct conversion. According to Figure 4 , when input signal is logic '0', M1 turns ON then M6 turns ON, leading to turning ON M8. So the output node through M8 is discharged to ground. Therefore, there is no problem for level converter. When input Also, the bulk of all PMOS transistors are connected to VDDH with this purpose to increase their VTH according to (2) . Furthermore, in the proposed S_SSLC, NMOS diodeconnected transistor (M7) is utilized to increase M2 ability as compared to M6. Thus, proposed S_SSLC could perform at sub-threshold regime. The higher VTH will reduce the switching power and consequently, the static power is reduced by decreasing the leakage current of OFF transistors [1] . Low gate capacitance (C g ) in weak inversion leads to switching power reduction [16] . In the proposed design, the size of all PMOS and NMOS transistors except M10 and M11 are chosen to the minimum technology size (180 nm: 400 nm 
SIMULATION RESULTS AND DISCUSSION
In this section, the simulation results of the proposed design and comparison with other existing single-supply level converters are presented. For this purpose, each cell is optimized and simulated at 180 nm bulk CMOS technology node using Cadence Virtuoso tool. SSLC in [12] is unsuccessful for converting the input signal lower than 70% of VDDH so, it is not considered as a lowvoltage design. Therefore, it is not suitable for ultra-low power applications. Another existing SSLC is the conventional design that was shown in Figure 1 . This LC is not functional for input voltage lower than 0.4V. Therefore, the proposed design is compared with the conventional LC at 0.4V input voltage. A 0.4V, 10 MHz input signal is fed into conventional and proposed level converters (LCs). The output of the LCs is in the range of I/O circuit voltage (0 or VDDH). Table 1 represents the results of each level converter. According to the results of Table 1 , the proposed design has less propagation delay, less total power, less energy consumption (EC, power × delay) and specifically less leakage power consumption. Furthermore, the proposed design also converts 0.3V input signal, consequently it is lowvoltage and low-power. Figure 5 shows that the proposed LC successfully converts 0.4V input signal to 1.2V Figure 6 illustrates the delay simulation of the proposed design versus input signal for converting the input signal from Vin-low to Vout at 1.2V VDDH. The Proposed S_SSLC for an input signal between 0.3V-0.4V, adds less than 25 ns delay, however, these delays are appropriate for many sub-threshold applications [17] [18] [19] . Utilizing M7 as a diode-connected in the first stage of the proposed LC leads to a VTHn voltage drop for supply voltage of the first stage. Therefore, the VDDH is not static during the transition time [1] . Also, the bulk of input transistor (M2) is connected to input signal (Vin-Low) in order to create dynamically-controlled body biasing. Furthermore, the bulk of all PMOS transistors are connected to VDDH. These proposed techniques are helpful for weakening PMOS transistors (M3 and M6) compared to NMOS transistor (M2). Because, NMOS transistor (M2) has low-voltage input signals (Vin-Low). The higher VTH will reduce the utilized energy during the transition time and also the leakage current of OFF devices is reduced. Thus, the power consumption of the proposed S_SSLC is reduced. The static and total power results of the proposed S_SSLC are shown in the Figure 7 and Figure 8 . As the input signal is increased, static current through M3 is reduced. Minimum power point (MPP) for proposed design is occurred between 0.35V and 0.4V, so the proposed design is suitable for low-voltage applications.
Temperature Variations Effects
The temperature variation may considerably influence the characteristics of the sub-threshold LC. These variations may affect the threshold voltage and sub-threshold swing. The conventional LC is not functional at lower than 0.4 V input signal. So, the effect of temperature variations on the proposed design and conventional design for 0.4 V input signal is investigated. At low frequencies (ranges KHz) when temperature increases, total power a little increases, but at high frequencies (MHz ranges), when the temperature increases, total power consumption a little decreases. It is significant that LC could support high frequencies, because LC shouldn't limit the operating frequencies of the system. So, the effect of the temperature variation at high-frequency input signal for instance at 5MHz are simulated. Figure 9 shows the total power simulation versus temperature variation for proposed design compared to the conventional design for Vin-low = 0.4V signal at 5MHZ and VDDH = 1.2 V. Proposed design is robust against temperature variations. 
CONCLUSION
In this paper, a novel single-supply voltage level converter has been presented. This design was significant for decreasing the supply routing, complexity and overall system cost. It was simulated in 180 nm bulk CMOS technology. In this proposed design also, dynamically-controlled body-biasing was utilized for input NMOS transistor that has low-voltage inputs to decrease its threshold voltage. Furthermore, the bulk of all PMOS transistors were connected to VDDH to increase their threshold voltage. As a result, the proposed design could convert sub-threshold input signal to 1.2V as output. The proposed design successfully and reliably up-converted the input signal voltage ranging 0.3V to 1.2V into 1.2V. Therefore, it was appropriate for sub-threshold applications. Also, the minimum power point (MPP) for the proposed design was near the 0.4V supply voltage. Other existing single-supply level converters were not low-voltage and practical for converting the sub-threshold input signals. SSLC in [12] was non-functional at input-signal voltage lower than 0.85V. Also, the conventional design was non-functional at input lower than 0.4V. The EC (Energy Consumption) for our proposed design was 83% lower than conventional LC.
Furthermore, the proposed design was robust against temperature variation.
